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Objective: We sought to examine in age-matched subjects the biomechanical and compositional remodeling
associated with ascending thoracic aortic aneurysms according to region and direction.
Methods:Whole, fresh, degenerative ascending thoracic aortic aneurysms were taken from 26 patients (age, 69
2 years; maximum aortic diameter, 5.9  0.3 cm) during elective surgical intervention, and 15 nonaneurysmal
ascending thoracic aortas were obtained during autopsies (age, 66  3 years; maximum aortic diameter, 3.3 
0.2 cm). These were cut into anterior, right lateral, posterior, and left lateral regions, and circumferentially and
longitudinally oriented specimens were prepared. The aortic specimens were submitted to histomorphometric
and biomechanical studies, including measurement of failure strain (ie, extensibility), failure stress (ie, strength),
and peak elastic modulus (ie, stiffness).
Results:Wall elastin, but not collagen content, decreased in aneurysmal specimens, displaying lower wall thick-
ness and failure strain, higher peak elastic modulus, and equal failure stress than control specimens in the majority
of regions and directions. Similar differences were noted in pooled data from all regions. Regional variations in
mechanical parameters were mostly found in longitudinally oriented tissue. Circumferential specimens showed
higher failure stress and peak elastic modulus but equal failure strain than longitudinal specimens.
Conclusions: Our findings contradict previous studies on ascending thoracic and abdominal aortic aneurysms,
suggesting that the former might not cause weakening but rather only stiffening and reduction in tissue extensi-
bility and elastin content. Marked heterogeneity was evident in healthy and aneurysmal aortas. The present data
offer insight into the pathogenesis of aneurysm dissection. Information on directional and regional variations is
pertinent because dissections develop circumferentially and bulging preferentially occurs in the anterior region.Ascending thoracic aortic aneurysm (ATAA) is a chronic
degenerative pathology that occurs mostly in the elderly,
with very high mortality rates.1,2 Presently, ATAA forma-
tion is thought to be triggered by some localized form of
aortic wall injury placed over genetic, age-related, and
environmental factors, yet the exact sequence and nature
of these events is poorly understood and mostly extrapolated
from those of abdominal aortic aneurysms (AAAs).1-3 Once
aneurysm formation is initiated, it is associated with destruc-
tive remodeling of the aortic wall, the time course of which
is characteristic of steady structural deterioration, radial
enlargement, rearrangement of hemodynamic loads, and
ultimately rupture.3-5 Aneurysm rupture is a biomechanical
failure that occurs when the stresses exerted on the aortic
wall by hemodynamic loads exceed the tissue’s capacity to
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aortic aneurysms, together with their individual geometry,
is vital in predicting their risk of rupture.6
Even though the biomechanical remodeling accompany-
ing AAA formation has been widely investigated (see the re-
view article by Vorp and Vande Geest6 and the references
listed therein), much less attention has been paid to
ATAA. Among the few studies available, Koullias and col-
leagues7 offered an estimate of the in vivo mechanical prop-
erties of ATAA, Okamoto and associates8 examined the in
vitro properties of the dilated ascending aorta, and Vorp
and coworkers9 compared the biomechanical properties of
ATAA with respect to the nonaneurysmal aorta, reporting
lower strength and higher stiffness in the former. However,
the latter findings might not be appropriate because the 2
subject groups tested were not age matched, and aging re-
portedly impairs the biomechanical properties and tensile
strength of both dilated8 and healthy10,11 aortas.
Accordingly, this article re-examines the influence of an-
eurysms on the biomechanical properties of the ascending
aorta in age-matched subject groups according to region
and direction and reports results contradictory to those of
Vorp and coworkers (ie, that ATAAs are stiffer but not
weaker compared with healthy aortas).9 Our biomechanical
studies were coupled with histologic observations quantify-
ing alterations in extracellular matrix composition. Only oneardiovascular Surgery c Volume 137, Number 1 101
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study has previously evaluated the effect of ATAA on media
composition12; we extend those findings by assessing layer-
specific alterations in different aortic regions.
MATERIALS AND METHODS
Human Aortic Tissue and Specimen Preparation
Whole degenerative ATAAs were harvested fresh from patients (n¼ 26)
during elective surgical repair at the Department of Cardiothoracic Surgery
of the Athens Medical Center. Whole nonaneurysmal ascending thoracic
aortas (control specimens) were harvested within 24 hours of death from
subjects (n ¼ 15) undergoing autopsy at the Department of Forensic
Medicine and Toxicology of the Athens University Medical School.
ATAAs associated with aortic dissection and Marfan syndrome were
excluded from the protocol, as were aortas from young adults (<40 years
old). Clinical data were taken from the patients’ hospital charts and cadav-
eric data during autopsy. The ATAA’s maximum preoperative diameter was
recorded, as reported by the surgeons or as evaluated during the echocardio-
graphic examination, magnetic resonance imaging, or computed tomo-
graphic scanning. All tissues were excised as short tubes from above the
sinuses of Valsalva, immersed in saline solution, and kept in a refrigerator
at 4C.
Tissues were submitted to histologic processing and biomechanical tests
within 24 hours after harvesting. First, the tubes were cleaned of all adherent
tissues and cut into 4 regions (ie, anterior, posterior, and left and right lat-
eral) with respect to circumferential position. Multiple specimens with cir-
cumferential and longitudinal direction were taken from each region with
a standardized dog-bone shape for biomechanical testing, as in our recent
study,13 whereas a circumferential specimen from each region was kept
for histomorphometry. The research protocol was approved by the Institu-
tional Ethics Committee on Human Research. Informed consent was ob-
tained from the patients and from relatives for the cadaveric study subjects.
Histomorphometric Studies
Aortic specimens were fixed with 10% buffered formalin over 24 hours,
dehydrated in graded ethanol and xylol, and embedded in paraffin wax. Se-
rial 5-mm-thick sections were cut and treated with hematoxylin and eosin for
examination of overall vessel morphology, orcein for elastin, and Sirius red
for collagen staining. Histologic slides were assessed blindly, as previously
described by our group.14 Briefly, polychromatic images were taken with
a digital camera (Altra20; Soft Imaging System, Munster, Germany) fitted
to an optical microscope (Olympus CX31; Olympus, Tokyo, Japan) and
processed with commercial image-analysis software (Image-Pro Plus
v4.5; Media Cybernetics, Inc, Silver Spring, Md). Thickness measurements
of the tunica intima, media, and adventitia and of the entire wall were per-
formed in 10 representative positions, and an average was calculated. Elas-
tin and collagen area densities of the different layers and the entire vessel
wall were also measured in 10 representative positions with respect to the
total wall area in the region of interest after the micrographs were segmented
with the software. Values for each specimen were averages from 3 sections.
Biomechanical Studies
The ascending aortic specimens were individually submitted to biome-
chanical tests on a tensile tester (Vitrodyne V1000 Universal Tester; Liveco,
Inc, Burlington, Vt), as previously described by our group.13,14 They were
clamped by using the apparatus grips, with sandpaper used to avoid slip-102 The Journal of Thoracic and Cardiovascular Supage, and immersed in physiologic saline regulated to 37C with a heater
coil (1130A; PolyScience, Niles, Ill). Their width and thickness were mea-
sured noncontacting by using a laser micrometer (LS-3100; Keyence Corp,
Osaka, Japan) with 1-mm resolution; 4 measurements were taken because of
the nonuniform specimen geometry, and the mean values were recorded.
The lower grip of the apparatus was stationary, whereas the upper grip
was set to move at a 20% per minute strain rate until rupture of the speci-
mens. An experiment was considered successful only if the specimen rup-
tured in the narrowed region. Most specimens displayed multiple
ruptures, usually 2 and sometimes 3, because the inner layers of the aortic
wall ruptured before the outer layers (Figure 1). Data were recorded every
0.1 seconds (50-Hz sampling frequency). The load cell (GSO-500; Trans-
ducer Techniques, Temecula, Calif) fitted to the tensile tester came with
a 500-g capacity and a 0.25-g resolution, and a pair of sonometrics piezo-
electric crystals (Sonometrics Corp, London, Ontario, Canada) sutured on
the tissue measured extension in the narrowed region by using principles
of ultrasonography with 1-mm accuracy.
Data Processing
True stress was calculated as applied load divided by the current
(deformed) cross-sectional area; the latter was calculated based on the
tissue incompressibility assumption as initial (undeformed) specimen volume
divided by the current specimen length. Failure stress, an index of tissue
strength, was taken as maximum stress before the specimen’s first rupture
(Figure 1). Engineering strain was calculated by subtracting unity from
the deformed/initial length ratio. Failure strain, an index of tissue extensibil-
ity, was taken as the strain at rupture. Elastic modulus was calculated as the
slope of the stress-strain curve, and peak elastic modulus, an index of maxi-
mum tissue stiffness, was taken as the highest value before the first rupture.
The 2-tailed unpaired Student’s t test was used to determine aneurysm-
based (ATAA vs control groups) and directional-related differences. One-
way analysis of variance, followed by the Tukey post-hoc test, was used
for regional differences. Spearman rank order correlation coefficients
were used to describe correlations. Commercially available software
(SPSS v12.0; SPSS, Inc, Chicago, Ill) was used for all analyses.
RESULTS
No differences were noted in age (69  2 vs 66  3 years
[mean SEM], P>.2) and male/female ratio (17/9 vs 10/5)
between the 2 subject groups, whereas aortic diameter was
FIGURE1. Typical stress-strain curves of a control and ascending thoracic
aortic aneurysm (ATAA) specimen showing multiple aortic ruptures. The
symbols sf, ef, and Mp denote failure stress, failure strain, and peak elastic
modulus for the ATAA specimen.rgery c January 2009
Iliopoulos et al Acquired Cardiovascular DiseaseTABLE 1. Categorization of aortic specimens submitted to biomechanical testing into groups according to pathology, region, and direction
Anterior Right Lateral Posterior Left Lateral
Control ATAA Control ATAA Control ATAA Control ATAA
Circumferential n ¼ 27 n ¼ 66 n ¼ 34 n ¼ 78 n ¼ 22 n ¼ 54 n ¼ 17 n ¼ 34
Longitudinal n ¼ 29 n ¼ 79 n ¼ 31 n ¼ 80 n ¼ 29 n ¼ 64 n ¼ 23 n ¼ 35
ATAA, Ascending thoracic aortic aneurysm; n, number of specimens that fractured in the narrowed region.A
C
Dsignificantly higher in patients with ATAAs compared with
autopsy subjects (5.9  0.3 vs 3.3  0.2 cm, P<.001). The
aortic specimens submitted to biomechanical testing were
categorized into groups according to pathology, region,
and direction (Table 1). Less than 3% of the total number
was excluded from analysis because of slippage at the grips
or nonfailure in the narrowed region.
Histomorphometric parameters for ATAA and control
specimens from the different aortic regions and for pooled
data from all regions considered together are listed in Table
2, with Figure 2 showing representative histologic sections.
Compared with control specimens, elastin area density de-
creased in tunica intima, media, and the entire wall of the
ATAA specimens in every region and for pooled data. The
same was true for collagen density in the media of ATAA
specimens while increasing in the adventitia and remaining
invariant in the entire wall for pooled data. Intimal thickness
of the ATAA specimens was higher than that of control
specimens in some regions and pooled data, media thickness
was lower, and adventitia and wall thickness were un-
changed. No regional variations were found for ATAA or
control specimens.
Stress-strain curves of all specimens from the anterior re-
gion tested successfully are shown in Figure 3, exhibitingThe Journal of Thoracic and Cmarked variations. The central body of control curves was
displaced rightward from that of ATAA curves, and curves
for the circumferential direction were on average displaced
upward from those for the longitudinal direction. Similar dif-
ferences among curves were observed in the remaining
regions.
In contrast to our histologic data, measurements on fresh
tissue indicated that ATAA specimens displayed lower wall
thickness than control specimens, with region having no in-
fluence (Figure 4). The failure strain of ATAA specimens
was lower than that of control specimens in several regions
and directions; no directional variations were found for ei-
ther ATAA specimens or control specimens (Figure 5). Re-
gional variations for control specimens were nonsignificant,
whereas for ATAA specimens, failure strain of the left lat-
eral region was higher than that of the anterior, right lateral,
and posterior regions in both circumferential and longitudi-
nal specimens.
Failure stress of ATAA specimens did not differ from that
of control specimens in all but the left lateral region in the
longitudinal direction (Figure 6). Regional variations were
nonsignificant for both tissue types in the circumferential
direction; in the longitudinal direction failure stress of the
right lateral region was higher than that of the anterior andTABLE 2. The effect of aneurysm (ATAA vs control specimen) and region (anterior vs right lateral vs posterior vs left lateral) on
histomorphometric parameters of the aortic wall and its layers
Anterior Right Lateral Posterior Left Lateral Pooled Data
Control
(n ¼ 15)
ATAA
(n ¼ 26)
Control
(n ¼ 15)
ATAA
(n ¼ 26)
Control
(n ¼ 15)
ATAA
(n ¼ 26)
Control
(n ¼ 15)
ATAA
(n ¼ 26)
Control
(n ¼ 60)
ATAA
(n ¼ 104)
Elastin
(%)
I 30.1  4.8 17.9  2.3 35.1  5.4 19.0  2.1 35.7  6.6 15.8  2.0 31.2  5.2 19.3  2.7 33.0  2.7 18.0  1.1
M 24.3  2.0 17.5  1.5 26.4  2.6 17.6  1.4 23.9  1.8 16.9  1.4 26.2  1.8 19.4  1.5 25.2  1.0 17.8  0.7
A 4.8  0.8 11.0  2.2 8.1  2.1 10.1  2.0 8.8  2.0 10.2  1.4 12.6  2.1 7.9  0.9 8.6  0.7 9.9  0.8
W 21.5  1.9 14.1  1.4 23.2  2.1 15.0  1.0 21.5  1.9 14.4  1.3 25.3  1.9 15.5  1.6 22.7  1.0 14.8  0.6
Collagen
(%)
I 22.7  4.1 22.3  3.5 20.5  4.7 20.4  2.6 17.3  3.7 20.2  2.8 15.7  1.4 24.0  3.0 19.0  1.8 21.7  1.5
M 31.6  2.3 20.3  1.7 30.3  2.3 22.0  1.7 29.8  2.2 22.6  1.6 29.0  2.1 22.7  1.7 30.1  1.1 21.9  0.8
A 39.8  3.8 43.0  2.2 35.7  3.0 40.6  2.7 32.8  4.4 40.8  3.7 33.0  3.2 39.3  3.1 35.3  1.8 40.9  1.5
W 32.4  2.0 28.8  1.1 31.0  1.9 27.1  1.4 29.9  2.3 28.5  1.7 29.4  1.9 28.7  1.6 30.5  1.1 28.5  0.8
Thickness
(mm)
I 101  13 250  53 99  18 186  39 100  18 256  50 87  13 240  49 97  8 233  24
M 1320  62 1079  78 1241  72 1140  123 1237  50 1076  65 1486  93 1134  96 1322  38 1107  46
A 299  46 292  48 346  31 262  33 332  44 322  45 273  64 263  42 312  23 285  21
W 1720  53 1621  93 1687  86 1588  119 1669  64 1654  79 1846  100 1637  80 1731  39 1625  47
Values are presented as means  the standard error of the mean. ATAA, Ascending thoracic aortic aneurysm; n, number of specimens; I, intima; M, media; A, adventitia; W, wall.
Control versus ATAA specimens: elastin—anterior region, P ¼ .001 (I), P ¼ .01 (M), P ¼ .05 (A), P ¼ .003 (W); right lateral region, P ¼ .002 (I), P ¼ .002 (M), P< .001 (W);
posterior region, P<.001 (I), P¼ .004 (M), P¼ .003 (W); left lateral region, P¼ .03 (I), P¼ .01 (M), P¼ .05 (A), P<.001 (W); pooled data, P<.001 (I), P¼ .01 (M), P<.001
(W). Collagen—anterior region, P<.001 (M); right lateral region, P¼ .006 (M); posterior region, P¼ .01 (M); left lateral region, P¼ .03 (M); pooled data, P<.001 (M), P¼ .02
(A). Thickness—anterior region, P¼ .05 (I), P¼ .05 (M); posterior region, P¼ .04 (I), P¼ .05 (M); left lateral region, P¼ .03 (I), P¼ .02 (M); pooled data, P<.001 (I), P¼ .002
(M). Other differences were nonsignificant. Regional differences were nonsignificant for control specimens and ATAA specimens.ardiovascular Surgery c Volume 137, Number 1 103
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DFIGURE 2. Representative histologic sections of a control (upper panel) and ascending thoracic aortic aneurysm (ATAA) specimen (lower panel) stained
with hematoxylin and eosin for examination of overall vessel wall morphology (A and D), orcein for elastin staining (B and E), and Sirius red for collagen
staining (C and F). (Original magnification 43).posterior regions for ATAA specimens and than that of the
anterior and left lateral regions for control specimens. Fur-
thermore, the failure stress of circumferential specimens
from a given region was significantly higher than that of
the corresponding longitudinal specimens.
The peak elastic modulus of ATAA specimens was higher
than that of control specimens in most regions and directions
(Figure 7). Regional and directional differences were similar
for both ATAA specimens and control specimens. No re-
gional differences were detected in the circumferential direc-
tion, whereas the right lateral region showed the highest
peak elastic modulus among all regions in the longitudinal
direction. As with failure stress, peak elastic modulus was
higher in the circumferential direction.
Failure stress (circumferential, R ¼0.22 and P< .001;
longitudinal, R ¼0.14 and P ¼ .02) and peak elastic mod-
ulus (circumferential, R ¼0.21 and P ¼ .001; longitudi-
nal, R ¼ 0.16 and P ¼ .01) correlated negatively but
weakly with ATAA diameter for pooled data. Negative
and stronger were the correlations of those parameters104 The Journal of Thoracic and Cardiovascular Suwith wall thickness measured on fresh tissue (circumferen-
tial, R ¼0.42 and P< .001; longitudinal, R ¼0.33 and
P<.001; and circumferential, R ¼0.48 and P<.001; lon-
gitudinal, R ¼0.38 and P< .001, respectively). Coeffi-
cients were lower when each region was examined
individually (data not shown). Correlations of failure strain
with ATAA diameter and wall thickness did not reach sig-
nificance in either direction. Also nonsignificant were the
correlations among all 3 biomechanical parameters and aor-
tic diameter or wall thickness for control tissue, as regards
pooled data from all regions and from each region sepa-
rately (data not shown). Thickness correlated weakly with
ATAA specimen (R ¼ 0.16, P< .001) and control speci-
men (R ¼0.14, P ¼ .04) diameter for pooled data, albeit
in an opposite fashion. Correlations were nonsignificant
within most aortic regions (data not shown).
Analogous variations in failure properties among ATAA
specimens and control specimens were noted when data
from all regions were pooled (Figure 8). These results sug-
gest that the ATAA tissue was stiffer and less extensiblergery c January 2009
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ger as in longitudinal specimens compared with control tis-
sue. Comparisons at the same thickness level through the
linear regressions of biomechanical properties with aortic
wall thickness confirmed the abovementioned results. Identi-
cal directional differences were observed for both tissues,
with circumferential specimens being stronger and stiffer
but equally extensible than longitudinal specimens.
DISCUSSION
It was unexpected to find that the failure stress (ie, tensile
strength) of ATAA specimens did not vary or was even
higher than that of nonaneurysmal tissue because it is gener-
ally acknowledged that aortic aneurysms rupture as the
tissue becomes progressively weaker.6 Our finding is in
FIGURE 3. Stress-strain curves of all specimens from the anterior region
with circumferential (CIRC; A) and longitudinal (LONG; B) orientation.
ATAA, Ascending thoracic aortic aneurysm.The Journal of Thoracic and Cmarked contrast with the results reported by Vorp and co-
workers,9 who compared control and ATAA tissue and
found that the former was stronger than the latter in both cir-
cumferential and longitudinal directions. Compared with
that study, we have tested considerably more specimens
for both subject groups, and comparisons were performed
among specimens taken from the same region. Most impor-
tantly, the 2 subject groups were age matched in our study,
whereas in the study by Vorp and coworkers9 the mean age
of the control group was 15 years less than that of the ATAA
group. This might explain the inconsistency among the 2
studies because there has been strong evidence from many
reports8,10,11,15-17 that the mechanical properties and
strength of aortic wall tissue show pronounced age depen-
dency. In particular, Okamoto and colleagues8 reported
a negative correlation of failure stress with age for the dilated
ascending thoracic aorta, whereas Groenink and associates10
and Mohan and Melvin11,15 documented the same finding
for the healthy descending thoracic aorta. Other studies
also disclosed that the aorta becomes less extensible16 and
stiffer17 as a result of aging, underscoring the necessity of
examining ATAA tissue by using nonaneurysmal age-
matched tissue as a reference.
Raghavan and associates18 found comparable aneurysm-
induced reductions in failure stress of AAA wall tissue,
but again the subject groups examined were not age matched
(control group ¼ 47 years vs AAA group ¼ 69 years). Fur-
thermore, their findings might not be directly extrapolated to
ATAAs because of wide differences in the 2 vessels in terms
FIGURE 4. Wall thickness of ascending thoracic aortic aneurysm (ATAA;
open squares) and control (filled circles) tissue specimens from the anterior,
right lateral, posterior, and left lateral regions with both circumferential and
longitudinal directions. Data are individual measurements with means, with
horizontal continuous lines denoting ATAA specimens and dotted lines
denoting control specimens. Control versus ATAA specimens: anterior
region, P ¼ .002; right lateral region, P< .001; posterior region, P ¼ .02;
left lateral region, P ¼ .02. Regional differences were nonsignificant for
ATAA and control specimens.ardiovascular Surgery c Volume 137, Number 1 105
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origin of smooth muscle cells, and the different risk between
AAAs and ATAAs.2
We found that ATAA specimens were significantly stiffer
than control specimens in the longitudinal direction, whereas
there was a trend for circumferential specimens, but differ-
ences were not significant in all regions. Still, the peak elastic
modulus of pooled data from all regions was higher in
ATAAspecimens than in control specimens inboth directions.
FIGURE 5. Failure strains of ascending thoracic aortic aneurysm (ATAA;
open squares) and control (filled circles) tissue specimens from the anterior,
right lateral, posterior, and left lateral regions for the circumferential (CIRC;
A) and longitudinal (LONG; B) directions. Data are individual measure-
ments with means, with horizontal continuous lines denoting ATAA spec-
imens and dotted lines denoting control specimens. Control versus ATAA
specimens: CIRC—anterior region, P ¼ .009; LONG—anterior region,
P ¼ .003; posterior region, P ¼ .04. Regional differences: ATAA CIRC—
anterior versus left lateral region, P ¼ .001; right versus left lateral region,
P ¼ .007; posterior versus left lateral region, P ¼ .007. ATAA LONG—
anterior versus left lateral region, P ¼ .01; right versus left lateral region,
P ¼ .002; posterior versus left lateral region, P ¼ .007. Control CIRC and
LONG: nonsignificant differences. LONGversus CIRC: nonsignificant differ-
ences forATAAand control specimens.Other differenceswere nonsignificant.106 The Journal of Thoracic and Cardiovascular SuFindings similar to those of the present study have been previ-
ously reported for ATAAs in the in vitro study ofVorp and co-
workers9 and the in vivo study ofKoullias and colleagues7 and
for AAAs in the majority of studies.6,19,20
Limited data concerning failure strain of the ascending
aorta have been published. The report by Okamoto and asso-
ciates8 for the dilated ascending aorta for patients who were
age matched to our ATAA patient group is in agreement
FIGURE 6. Failure stresses of ascending thoracic aortic aneurysm (ATAA;
open squares) and control (filled circles) tissue specimens from the anterior,
right lateral, posterior, and left lateral regions for the circumferential (CIRC;
A) and longitudinal (LONG; B) directions. Data are individual measure-
ments with means, with horizontal continuous lines denoting ATAA spec-
imens and dotted lines denoting control specimens. Control versus ATAA
specimens: CIRC, nonsignificant differences; LONG—left lateral region,
P ¼ .003. Regional differences: ATAA CIRC, nonsignificant differences;
ATAA LONG—anterior versus right lateral region, P< .001; right lateral
versus posterior region, P¼ .003; control CIRC: nonsignificant differences;
control LONG—anterior versus right lateral region, P ¼ .01; right versus
left lateral region, P<.001. LONG versus CIRC: ATAA—anterior region,
P< .001; right lateral region, P< .001; posterior region, P< .001; left lat-
eral region, P< .001. Control—anterior region, P< .001; right lateral re-
gion, P ¼ .008; posterior region, P< .001; left lateral region, P< .001.
Other differences were nonsignificant.rgery c January 2009
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more extensible than ATAA tissue in the longitudinal direc-
tion, whereas less marked differences were noted in the cir-
cumferential direction. Analogous results have been
reported earlier by the greater part of biomechanical studies
in AAAs,19,20 without, however, making distinctions about
FIGURE 7. Peak elastic modulus of ascending thoracic aortic aneurysm
(ATAA; open squares) and control (filled circles) tissue specimens from
the anterior, right lateral, posterior, and left lateral regions for the circumfer-
ential (CIRC; A) and longitudinal (LONG; B) directions. Data are individual
measurements with means, with horizontal continuous lines denoting ATAA
specimens and dotted lines denoting control specimens. Control versus
ATAA specimens: CIRC—right lateral region, P ¼ .03; LONG—anterior
region, P ¼ .003; right lateral region, P ¼ .02; posterior region, P ¼ .02;
left lateral region, P ¼ .004. Regional differences: ATAA CIRC, non-
significant differences; ATAA LONG—anterior versus right lateral region,
P<.001; right lateral versus posterior region, P<.001; right versus left lat-
eral region, P ¼ .002; control CIRC: nonsignificant differences; control
LONG—anterior versus right lateral region, P< .001; right lateral versus
posterior region, P ¼ .001; right versus left lateral region, P < .001.
LONG versus CIRC: ATAA—anterior region,P<.001; right lateral region,
P<.001; posterior region, P<.001; left lateral region, P<.001; control—
anterior region, P< .001; right lateral region, P ¼ .002; posterior region,
P<.001; left lateral region,P<.001. Other differences were nonsignificant.The Journal of Thoracic and Cdirections. Taken together, the results on failure stresses
and strains help explain why peak elastic modulus was
higher in ATAA specimens, whereas failure stresses were
equal in the 2 types of tissue. ATAA specimens reached
equally maximum stresses at lower strains, so that the
peak slopes of their stress-strain curves had to be higher
compared with those of healthy specimens.
Our results, displaying directional differences in tensile
strength and maximum tissue stiffness, do not corroborate
those of Vorp and coworkers,9 who found nonsignificant var-
iations in either ATAA or control tissue. However, almost all
biomechanical studies on healthy and aneurysmal aortas, in-
cluding our recent study,13 have documented different prop-
erties in the circumferential and longitudinal directions. In
particular, testing of human healthy descending thoracic aor-
tas under different loading scenarios (ie, uniaxial,11 biaxial,15
and inflation10) and inflation tests of porcine healthy descend-
ing thoracic aortas21 have indicated a preferential circumfer-
ential rupture, with the longitudinal direction showing lower
failure stress, which is consistent with our data.
This study reports also on the regional heterogeneity of
ATAAs and nonaneurysmal aortas. Circumferential speci-
mens showed uniform properties across the vessel circum-
ference, whereas longitudinal specimens from the anterior
region were the weakest and least-stiff specimens of all re-
gions examined, as we recently showed.13 Regarding the
nonaneurysmal aorta, few data are available for the porcine
healthy ascending aorta,22 according to which, and as with
this study, the anterior was the least-stiff aortic region. The
heterogeneity in biomechanical properties of AAAs has
been reported before by several groups19,23 (also see our re-
cent article13). We examined an anterior, a posterior, and 2
lateral regions of ATAAs, as Thubrikar and associates23
did for AAAs. These authors presented similar findings for
longitudinal specimens from the anterior region and compa-
rable directional variations for strength and stiffness but did
not perform statistical evaluation because of the limited
number of specimens tested.
Our histomorphometric studies suggest that the intima
was thicker, the media thinner, and the adventitia similar
in ATAA tissue than in control tissue. The values of wall
thickness measured histologically for ATAA tissue were
smaller than those for healthy tissue but not significantly
so, which is at some variance with what we measured on
fresh tissue, for which wall thickness was significantly re-
duced with ATAA formation. Discrepancies in the results
obtained by means of the 2 methods of thickness measure-
ment can be attributed to the effects of fixation and histo-
logic preparation on aortic dimensions; it is also possible
that the significance of thickness differences in fresh tissue
was attained with the much larger number of specimens ex-
amined. Overall, as evidenced by our study, the tissue un-
dergoes major wall remodeling on diameter enlargement,
with the decrease in media partly compensated by anardiovascular Surgery c Volume 137, Number 1 107
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DFIGURE 8. Thickness (A), failure strain (B), failure stress (C), and peak elastic modulus (D) of ascending thoracic aortic aneurysm (ATAA; open columns)
and control (filled columns) tissue specimens with circumferential (CIRC) and longitudinal (LONG) directions for pooled data from all regions. Values are
presented as means  standard error of the mean. Control versus ATAA specimens: thickness, P< .001; failure strain CIRC, P ¼ .05; failure strain LONG,
P<.001; failure stress LONG, P ¼ .004; peak elastic modulus CIRC, P ¼ .008; peak elastic modulus LONG, P<.001. LONG versus CIRC: failure stress
ATAA, P< .001; failure stress control, P< .001; peak elastic modulus ATAA, P< .001; peak elastic modulus control, P< .001. Other differences were
nonsignificant.increase in intima thickness. Aortic wall thickness measured
on fresh tissue showed a weak inverse correlation with diam-
eter in nonaneurysmal aortas and a weak direct correlation in
ATAAs, the latter association underscoring that diameter en-
largement of ATAAs might not be associated with vessel
wall thinning. The present findings coincide with those of
Tang and coworkers.12
The study of Tang and coworkers12 also investigated the
microstructure of collagen and elastin fibers in ATAAs, re-
porting dissimilar alterations in extracellular matrix compo-
sition of the media layer compared with that seen in AAAs.24
Similarly to that study,12 we found that elastin and collagen
area densities decreased in the media layer of ATAA speci-
mens compared with control specimens.We also report a de-
creased elastin density in the intima and entire wall of ATAA
specimens for all regions and an increased collagen density
in the adventitia and an invariant density in the entire wall.
Aneurysm formation has been intimately connected with
alterations in the histologic structure of aortic tissue, with
loss of elastin implicated for dilation and collagen degrada-
tion implicated for rupture.25 Elastin and collagen are major
determinants of the passive mechanical properties of the
aortic wall, with extensibility depending on elastin content108 The Journal of Thoracic and Cardiovascular Suand microstructure and peak aortic stiffness and tensile
strength depending on collagen.26 Our histologic findings
of considerably decreased wall elastin content substantiate
the deficient extensibility of ATAAs, whereas the nonexis-
tent variations in wall collagen content substantiate the sim-
ilar strength of ATAAs and normal aortas. The increased
stiffness at high strains might be associated with elastin
fragmentation and earlier recruitment of collagen fibers, as
documented recently by Fonck and colleagues27 for elas-
tase-treated carotid arteries through a microstructure-based
biomechanical model. No regional differences in composi-
tion were found that might be associated with the absence
of biomechanical variations in the circumferential direction,
where histology was carried out. In view, however, of the
presently reported changes in biomechanical properties
along the longitudinal direction, histologic analysis in longi-
tudinal sections might shed light on the local changes that
take place in the presence of ATAA.
Our data indicated that aneurysms had no weakening
effect on tissue strength, providing important information
for better understanding the mechanism of ATAA rupture.
Weak negative correlations were evidenced between maxi-
mum ATAA diameter and tensile strength, which is similarrgery c January 2009
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Dto our recent study.13 Today,maximum aneurysmdiameter is
the only universally acknowledged criterion considered for
surgical intervention.4,5 Our results and similar ones reported
by Vorp and coworkers9 indicated that this might not be the
most representative parameter for the quality of aortic tissue.
A possible explanation as to the rupture of ATAA, while be-
ing equally strong as for the nonaneurysmal aorta or even
stronger, could then be ascribed to the increased wall stresses
caused by tissue stiffening and vessel enlargement. Further-
more, the reduced tensile strength of the anterior region in the
longitudinal direction associates closely with the clinical ob-
servation of preferential bulging occurring in that region,
whereas the increased strength of the right lateral region sug-
gests that this exhibits reinforced structure, despite being the
most common site of aneurysm rupture.28,29
There are currently no detailed studies to report on the
biomechanical behavior of the different aneurysmal layers,
either in AAAs or ATAAs. Instead, all past studies have con-
sidered the wall to be homogenous across its thickness, an
assumption that might lead to nonaccurate estimations of
tissue strength and predictions of local stress distributions
by using stress analysis models. In this study it was found
that the different layers separated through testing and that
the inner layers ruptured first, followed by the outer layers,
which is indicative of layer-specific heterogeneity in
strength and stiffness, but no mechanical testing on the indi-
vidual layers was performed. We only examined histologic
heterogeneity, quantifying histomorphometric and composi-
tional parameters of the individual wall layers, and found the
effect of ATAA to differ on each layer. Knowledge of the
layer-specific properties of ATAA is, however, essential, be-
cause it is generally acknowledged that ATAA dissection is
caused by a circumferential intimal tear.28-30
In conclusion, we present biomechanical evidence that
ATAA development is not associated with mechanical
weakening but with stiffening and reduction in vessel exten-
sibility; histologic substantiation is provided. We also show
that healthy and ATAA tissue exhibits similar regional het-
erogeneity and anisotropy. The present findings might help
to better understand the pathogenesis of ATAA dissection,
offering intuition for the development of computational
models that will allow improved assessment of ATAA rup-
ture potential.
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